An instrument is described which allows measurements of leaf temperature within about 0.3 C. It consists of a special thermistor probe, a small circuit box, and a standard ammeter. The circuit box can easily be fixed to the meter and contains a battery, which passes 0.3 milliampere through the thermistor, and also contains an integrated circuit amplifier, so that the meter reads 20 C full scale deflection, with ranges adjustable in 10 C steps. Calibration experiments show the superiority of the thermistor leaf thermometer to a thermocouple pressed onto a rubber surface with a resilience resembling that of a leaf.
thermistor is mounted in such a way as to reduce errors due to heat in either the air or the mounting: (d) the clamp holding the probe to the leaf is designed to cause the minimal alteration to the radiation and wind affecting the leaf temperature at the point The temperature of a leaf governs its vulnerability to frost damage or heat scorch and also affects the rates of transpiration and photosynthesis. In consequence, there have been numerous measurements of leaf temperature (3) . Almost all measurements used thermocouples connected to equipment which is too elaborate to be either cheap or mobile, as it is necessary to provide a reference temperature for the cold junction. The obvious alternative is a thermistor (5) , which was used by Lange (2) and by Gale and Poljakoff-Mayber (1) . A thermistor yields a large signal on change of temperature and nowadays is usefully reliaable, though Gale and Poljakoff-Mayber found it necessary to replace the thermistor probe by a thermocouple, perhaps because of their use of a foam-acrylic pad to press the leaf on the probe: the pad would presumably alter the leaf temperature being measured. Alternatively, they may have encountered the problem of self-heating of the thermistor, mentioned by Lange. The current passed through the thermistor for the measurement of its resistance tends to heat it, so that the thermistor's temperature exceeds that of the object being examined. This self-heating may be prevented by using only a small current, but this reduces the output signal below that which can be measured by the kind of meter normally available in a laboratory.
In the present paper, simple equipment is described which incorporates a thermistor for measuring leaf temperatures accurately and quickly, in a device which is easily carried about. The leaf thermometer consists of three parts ( Fig. 1) : a circuit box, for a Wheatstone bridge circuit which includes a thermistor; a probe, for holding the thermistor in a clamp, to attach it to the leaf; and a meter, which indicates the bridge output. Special features of the thermometer are: (a) a particularly small thermistor is used, to reduce any effect on the temperature of the leaf at the point of contact; (b) the current through the thermistor is made so small that self-heating becomes negligible; (c) the of measurement; (e) the electrical circuit allows resetting of zero and full scale deflection in the field; (f) the circuitry is contained in a box which can be easily attached to a commonly available high grade meter, so that the additional cost is small.
CIRCUIT
The circuit shown in Figure 2 is contained in a box attached to a current meter, by means of (a) a keyhole slot which engages Plant Physiol. Vol 
Thermistor -U23UD with the meter carrying strap lug, and (b) a bar across the base, fastened by two screws through feet on the meter. It is a simple matter to separate the box and the meter, to make the latter available for other purposes.
The thermistor resistance is high (i.e., about 2 kilohms at 20 C), so there is no difficulty in using long leads between the probe and the circuit box. There is a resistance (R4 in Fig. 2 ) in parallel with the thermistor, so that the signal to the meter depends linearly on temperature. This is demonstrated in Figure  3 , which was obtained with the thermistor probe in stirred water, the temperature of which was measured with a mercury thermometer. Trimming resistors in the Wheatstone bridge are adiusted to make the meter scale reading correspond numerically to the temperature. The adjustments are needed whenever a new thermistor is fitted, but thereafter the calibration remains unaltered (Fig. 3) . within 0.2 C of the air temperature. In other words, the calibration in water still applies with the thermistor in air, when self-heating would be evident.
A range switch allows the meter to cover a wide temperature range with precision of reading in ranges as follows, -10 to +10 C, 0 to 20 C, etc., to 30 to 50 C (Fig. 3) . It may be necessary to reset the controls during the first 10 min after switching on (see Appendix), but thereafter no discernible drift has been observed, even after several hours of operation outdoors, exposed to the summer's sun.
The batteries in the box suffice for considerable use, as the drain is less than 2 ma. They need replacing when the needle cannot be set to full scale by turning the "set gain" control, in the case of one battery, or if setting zero is impossible, in the case of the other.
PROBE
The thermistor element must be firmly fixed to the leaf, for accurate reading of the temperature. In the case of thermocouple thermometry, it is common practice to insert the junction into the leaf tissue to achieve good thermal contact, but there is a risk that the damage to the tissue alters the transpiration rate locally, and hence the temperature being measured. Pressing the temperature sensor onto the leaf avoids this risk and also allows ready detachment, so that several leaves can be examined quickly. This may be achieved by a hand-held clamp, as shown in Figure  1 . The spring-loaded hinge is a paper clip, to which are soldered two frames of 2-mm diameter brass, filed flat, with nylon crosswires to hold the leaf against the thermistor. The frames shown Thermistor bead 1 cm are 5 X 5 cm and allow measurement within 8 cm of the edge of a leaf. The thermistor is in a probe, which is pressed onto the leaf by means of a spring with adjustable compression (Fig. 4) . The spring is tightened to force the probe rod into the leaf as hard as possible, but without risking perforation or obvious damage to the tissue.
Considerable attention was given to the design of the probe, to improve the contact between leaf and thermistor and to reduce the influence of either the ambient air or the thermistor mounting on the reading. The mounting's temperature being at about ambient air temperature tends to make the probe give a reading intermediate between the surface and air temperatures, as may be shown by pressing the thermistor probe onto a surface of either metal foil or 0.2-mm rubber, behind which is stirred water of known temperature (Fig. 5) . The tendency for the reading to be between air and water temperatures proves to be most noticeable with the nonresilient metal surface and with the thermistor inside a glass sheath. The final design shown in Figure  4 isolated the thermistor at the end of a thin ceramic tube, the thermistor being separated from the leaf surface by only a thin, soft film of polystyrene cement, needed for protection. With the probe shown in Figure 4 , the temperature reading outside the rubber diaphragm was 2 C from the water temperature, when that differed from the air temperatures by 10 C (Fig. 6) . By contrast, a thermocouple of wires of 0.4 mm diameter pressed onto the rubber showed a difference of about 4 Figure 5 . When a thermistor was used, the sensor temperature was given by the meter reading.
CONCLUSION
This device for measuring leaf temperatures is convenient and usefully free of systematic and random errors. PERFORMANCE APPENDIX A feature of the thermistor probe is the rapidity with which it attains the leafs temperature, as a result of the low thermal capacity of the tip. Placing the probe against the thin rubber over the base of a water-filled tube results in halfway adjustment to the new temperature within 1.1 sec, i.e., 95% in less than 5 sec. This allows use of the thermometer to follow leaf temperature changes, and to make rapid exploration of the pattern of leaf temperatures over a tree, for example.
As regards accuracy, one distinguishes precision from the freedom from systematic error which has already been considered. The scale markings on the ammeter correspond to a precision of 0.2 C, and repeated measurements on the same part of a leaf indicate a scatter within about 0.3 C.
